Fluoride dentifrice has been accepted widely for use in caries prevention and its effectiveness has been confirmed. In order to enable the use of fluoride dentifrice effectively in daily brushing, the present study was performed to examine the relationship between fluoride uptake and the amount of fluoride dentifrice used and brushing time for adults. We examined the relationship between fluoride uptake into the surface layer (4-6m)of enamel and the active fluoride concentration in vitro and the relationship between the amount of fluoride dentifrice (1,000ppmF) used and the fluoride concentration in oral fluid in vivo. It became clear that fluoride uptake into the enamel was increased at the concentrations of 300ppmF or more. Fluoride uptake at 300ppmF was increased for 2min and became saturated thereafter. The results of the relationship between the fluoride concentration in the oral fluid and the amount of fluoride dentifrice used indicated that the amount of dentifrice that could maintain the mean fluoride concentration at 300ppm or more for 2min was 1.0g or more. From these results, the recommended amount of fluoride dentifrice (1,000ppmF) is 1.0g or more for adults.
Introduction
Recently, according to the Report on the Survey of Dental Diseases (1999) . It has been reported that the caries incidence might be decreasing, because the number of DMFT reached to the target of WHO, "DMFT should be decreased to 3.0 or less before a child becomes 12 years old." Thus, successful decrease of caries prevalence in elementary school-age children has been achieved. However, the caries prevalence rate in junior high and high school students increases markedly with increasing age 1) . The market share of fluoride dentifrice in Japan in 2003 is about 88% 8) , indicating that the usage of fluoride dentifrice as home care (self-care) has become popular. At least judging from the questionnaire about the frequency of tooth brushing, once-a-day tooth brushing habit is popular. Nevertheless, in people aged 13 to 18 years at puberty with the high caries prevalence rate the trend has kept 1) . In Japan, water fluoridation for systematic application of fluoride, one of the means of fluoride applications for caries prevention, has not been conducted. The use of fluoride mouthrinse has been carried out in only 3.1% or less of the population even in schools 10) and market development of fluoride mouthrinses has not been done. This means that access to fluoride mouthrinse is poor and that in the present social circumstances, fluoride mouthrinse is not widely accepted for caries prevention, even if there is knowledge about the caries prevention through health education. Based on the present status of widely of fluoride application, it can be considered that the effective application of fluoride dentifrice that is used daily for topical application of fluoride contributes most importantly to prevent caries.
To achieve effective application of fluoride dentifrice for caries prevention at puberty, it may be necessary to reexamine the content and method of the existing information about such dentifrices. In other words, the present scientific understanding of the action of fluoride dentifrice is insufficient. For example, optimal method for usage of such dentifrice has not been determined. Therefore, it remains necessary being scientifically based information concerning preventing caries to people engaged in dental medicine and to users of health information, and such information must be understandable and practically useful.
In Japan, however, there is almost no research on the effective daily amount of fluoride dentifrice. In the present study, in order to make it possible use fluoride dentifrice effectively, we examined the effective amount of fluoride dentifrice and the appropriate application time by studying the relationship between fluoride uptake into enamel and the active fluoride concentration and the time-course of changes of the amount of dentifrice used and of the fluoride concentration in oral fluid.
Materials and Methods

Study design
This study consisted of two different experiments (Fig. 1) . In experiment 1, fluoride uptake into bovine enamel, active concentration of fluoride and optimal treatment time of fluoride dentifrice were examined in vitro. In experiment 2, the relationship between the amount of fluoride dentifrice used and fluoride concentration in oral fluid was examined with the actual application of fluoride dentifrice. From these two experiments, the effective amount of fluoride dentifrice and the optimal application time were obtained by clarifying the fluoride action to prevent caries.
Experiment 1. Fluoride uptake into
bovine enamel with fluoride solutions in vitro 1) Preparation of specimens Gum and root membrane etc. of bovine anterior teeth (Black Cattle in Japan, aged 2 years) were carefully removed from teeth. The enamel specimen surface was polished using an aluminum wrapping film with 40-m particle size (Aluminum oxide: Imperial wrapping film sheet, 3M) to smooth the enamel surface, and a final polishing was done with the same film with 3-m particle size. The teeth were divided in coronal and root sites using a diamond cutter. A coronal site of enamel was cut into 6 specimens using the cutter. The enamel specimen was attached to the tip of an acrylic bar (diameter: 8 mm, height: 11 cm) with epoxy putty (GSI Ceros Hobby Department). After the putty hardened, a window (5 mm‫5ן‬ mm) was made with nail varnish. 2) Preparation of fluoride solution and the treatment method Fluoride solutions were prepared by dissolving NaF (special grade sodium fluoride, Wako Pure Chemical Industries, Osaka, Japan) in ion exchange-purified water to make concentrations of 100, 300, 500 and 1,000 ppmF. Taking into consideration typical daily tooth brushing times, 30 sec, and 2 and 5 min were employed as treatment times. The experiment was performed using undertaken in matrix of the above 4 fluoride concentrations and 3 treatment times with 5 samples for each combination. The fluoride treatment was carried out by gently shaking the samples in the solutions and the samples were washed for 30 sec with ion exchange-purified water. In the control group, 5 untreared samples were employed. 3) Acid etching of bovine enamel after reaction The treated samples were decalcified for 10 sec in 0.4 ml of 0.5M perchloric acid (analytical grade, Wako Pure Chemical Industries) and the decalcification reaction was terminated by adding 1.6 ml of 0.5M sodium citrate solution. Immediately after the completion of decalcification, the reaction was stopped by adding 1.6 ml of 0.5M sodium citrate solution, which adjusted the pH of the solution to 5.6. 4) Determination of fluoride (F) and calcium (Ca) in decalcification solutions The concentrations of F in decalcification solutions were determined by the fluoride ion selective electrode method. A combinationtype F ion electrode (9606 BN, Thermo) and an ion meter (940 A, Orion) were employed. The F concentrations of standard fluoride solutions were 10, 1.0 and 0.1 ppm, which were prepared by dissolving NaF in the mixture of 0.5M perchloric acid and 0.5M sodium citrate at the ratio of 1 to 4. Solutions with extremely low concentrations, 0.05, 0.02 and 0.01 ppm, were prepared by diluting 0.1 ppm standard solution at each determination. A portion of decalcification solution was diluted appropriately in 1N-HCl/0.5% La solution to determine Ca by an atomic absorption method (Hitachi Model 508).
5) Measurement of enamel surface area
The specimens were photographed using a digital camera and the surface areas were obtained from the image by using image analysis software (WinROOF ver5, Mitani Co.).
6) Calculation of fluoride concentrations in bovine enamel
The amount of enamel and fluoride concentrations in each layer were measured based on the assumption that the calcium content in bovine enamel and the enamel specific gravity were 37%
2) and 2.95 5) , respectively. The used for equations calculation were as follows:
Amount of F in enamel (g)
)‫ן‬Area of enamel surface tested (mm 3 
) 7) Statistical analysis
The statistical analysis among the test groups and between each test group and the control group was performed by PLSD of Fishers' test and ANOVA, or the multi-comparison test method (Tukey Kramer test). A p value of not more than 5% was considered statistically significant (Statview Ver. 5.0).
Experiment 2. Relationship between
amount of fluoride dentifrice (1,000 ppmF) and fluoride concentration in oral fluid in vivo 1) Subjects and preparation of fluoride solution The subjects enrolled in this study were 8 adults (male and female aged 24 to 45 years). Liquid fluoride dentifrice was prepared by using NaF to make the final concentration 1,000 ppmF. 2) Brushing with fluoride dentifrice (establishment of amount of fluoride dentifrice and brushing time) Before brushing, the mouth was washed for 10 sec with 10 ml of ion exchange-purified water. Then brushing was done in combination of six different amounts of dentifrice (0.1, 0.3, 0.5, 0.7, 1.0 and 1.5 g) and four different brushing times (30, 60, 120 and 180 sec). 3) Determination of fluoride concentration in oral fluid after brushing with fluoride dentifrice After brushing, dentifrice in oral fluid was poured out into a cup. One gram of the fluid was taken from the cup and mixed with 10 ml of 1N HCl. The specimen solution was filtered through a Millipore filter (0.45m), and 2 ml of 1M sodium citrate solution and 3 ml of TISAB II were mixed with 1 ml of the specimen solution. The F ion concentration in this solution was determined by a combination F ion electrode method (9606 BN, Thermo) and the fluoride concentration in oral fluid was calculated.
4) Statistical analysis
The statistical comparison of fluoride concentrations in oral fluid after treating with the various amounts of fluoride dentifrice for various brushing times was performed by a multiple-comparison method (Tukey Kramer test) after applying two-way ANOVA. A p value of not more than 5% was considered statistically significant (Statview Ver. 5.0).
Results
Fluoride uptake into first layer of enamel 1) Treatment time and fluoride uptake
The fluoride concentration in the surface layer of control bovine enamel used in the present study was about 50 ppm. Fluoride uptake into enamel tended to be increased with longer treatment time ( Table 1) . The results of PSTD of Fishers' test (Table 2) showed that there was no significant difference in fluoride uptake between the control and 100 ppmF groups at any treatment time. Therefore, it can be concluded that fluoride uptake in the 100 ppmF group was very low. On the other hand, in the 300 ppmF and 500 ppmF groups, significant differences in fluoride uptake were observed between the 300 ppmF/30 sec group and the 500 ppmF/ 120 sec or 300 sec group, and between the 500 ppmF/30 sec group and 300 ppm/300 sec group. With the longer treatment times, 120 sec and 300 sec, there was no difference in fluoride uptake between the 300 ppmF group and the 500 ppmF group. These results indicate that there was not so much difference in fluoride uptake between the 300 ppmF and the 500 ppmF group. Concerning the 100 ppmF and 300 ppmF groups, the 300 ppmF group statistically significantly higher fluoride uptake values at 120-sec and 300-sec treatment times. Table 3 . The control group showed significantly lower fluoride uptake compared with all the other groups. Fluoride uptake in the 100 ppmF group was significantly lower compared with that in the 300 ppmF, 500 ppmF and 1,000 ppmF groups. On the other hand, there was no difference in fluoride uptake between the 300 ppmF group and the 500 ppmF group. Comparing the 1,000 ppmF group and 500 ppmF group, the 1,000 ppmF group showed significantly higher fluoride uptake. 
Fluoride concentration in oral fluid after brushing with liquid fluoride dentifrice
The amount of liquid fluoride dentifrice (1,000 ppmF), and the mean and standard deviation of the fluoride concentrations in oral fluid of eight subjects are shown in Table 4 . The mean fluoride concentration in oral fluid after brushing with liquid fluoride dentifrice decreased exponentially with the increase of time of after brushing. At 30-sec brushing, the fluoride concentration was minimum, ‫0.31ע1.25‬ ppm with 0.1 g of fluoride dentifrice and maximum, ‫3.76ע8.493‬ ppm with 1.5 g of fluoride dentifrice. When the amount of fluoride dentifrice was increased, the fluoride concentration in the oral fluid was not increased proportionally. The multiplecomparison test among fluoride dentifrice brushing groups (Table 5) showed that a significant difference in the fluoride concentration in the oral fluid was observed between the 0.1 g group and 0.3 g group and between the 0.7 g group and 1.0 g group. There was no statistically significant difference in the fluoride concentration in the oral fluid between the 1.0 g group and 1.5 g group.
Discussion
Fluoride concentration in control enamel
The fluoride concentration in the layer of control bovine enamel was 50.5 ppm, which was one tenth that in humans 11) . The reason why the fluoride concentration in bovine enamel was so low compared with that in human enamel was considered to be due to the abrasion that occurred during polishing of the sample of bovine enamel surface. This polishing of bovine enamel surface has been usually conducted in cariology study with this enamel. We confirmed no difference between fluoride uptakes into enamel reacted fluoride solution (1,000 ppmF) to different baselines.
Concentration of fluoride for enhancing the reaction of enamel with fluoride
The results of analysis of fluoride uptake into the enamel suggested that the reaction of fluoride with the enamel surface and with the layer, and fluoride uptake into enamel were enhanced at 300 ppmF or higher of active fluoride concentration and 30 sec or more brushing time. Fluoride uptake into enamel at 120-sec brushing time, what is very close to actual typical brushing times, was almost equal between the 300 ppmF group and the 500 ppmF group, but was different between the 500 ppmF group and the 1,000 ppmF group. Their findings suggest that the reaction to enamel between using the 500 ppmF and the 1,000 ppmF is different.
CaF 2 formation by enamel pulus fluoride solution, and fluoride penetration
In studies of the reaction of fluoride ion with enamel, it has been confirmed that CaF 2 -like globular crystals are formed on the enamel surface at 300 ppm fluoride concentration under the neutral pH condition and at 100 ppm under the weak acidic condition (pH 5.0) 3, 9, 12, 13) . Based on this fact, it is considered that CaF 2 is hardly formed in the 100 ppmF group under the neutral pH conditions and that CaF 2 formation may be possible in the 300 to 500 ppm groups under such conditions. At 1,000 ppmF or more, the amount of CaF 2 formed is considered to be increased compared with that at the lower fluoride concentrations 4, 14) . In the 100 ppmF and 300 ppmF groups, fluoride uptake at 300-sec treatment time was about 3 times that at 30-sec treatment time, and in the 1,000 ppmF and 1,500 ppmF groups, fluoride uptake at 300-sec treatment time was about 2 times that at 30-sec treatment time. Assuming that the volume capacity for fluoride uptake in the first layer of enamel is constant, it is considered that at 1,000 ppmF of active concentration, fluoride penetrates into the vacant space of the crystal structure for a short time due to the steep concentration slope so that CaF 2 formation dominates compared to that in the lower fluoride concentration groups and that in the lower fluoride concentration groups, 100 ppmF and 300 ppmF groups, penetration is slower because of the gentle concentration slope.
Simulation of mean fluoride concentration in oral fluid
An approximate expression for the mean fluoride concentration in oral fluid was obtained using the actual values of the fluoride concentrations in oral fluid in 8 subjects. The approximate expression deduced from data in Table 4 showed that the approximation with a quadratic function was most fittable. Therefore, a quadratic regression equation was obtained and integrated. F (t ), an equation for obtaining mean fluoride concentration in oral fluid, was deduced by dividing the integrated equation by an arbitrary brushing time (t ).
The quadratic approximate expression is as follows:
(1) f (t )‫ס‬at 2 ‫ם‬bt‫ם‬C By integrating this equation by a brushing time (t ), an equation for the fluoride concen- Fig. 2 Optimal amount of fluoride dentifrice (1 g) tration at an arbitrary brushing time can be obtained.
(
2 Since t is 0 and F (0) is 0, C 1 becomes 0. This is converted to the mean fluoride concentration at a brushing time (t ).
The conversion equation, MF (t) is as follows: (4) is a equation that of enables calculation of mean fluoride concentration in oral fluid by using the actual values. The mean fluoride concentration in oral fluid was used for comparing the groups treated with fluoride dentifrice in order to a constant fluoride concentration for fluoride uptake. Table 6 shows the amounts of the dentifrice used and the regression equation for each amount, and mean fluoride concentrations in oral fluid after 10-to 180-sec brushing time. The mean fluoride concentration in oral fluid at 10-sec brushing time was maximal, 455 ppm at 1.5 g of dentifrice and minimal, 64.4 ppm at 0.1 g, indicating that the range of the mean fluoride concentration was wide. Even with the usage of 1.0 g or 1.5 g of liquid fluoride dentifrice (1,000 ppmF), the initial active fluoride concentration did not reach 500 ppm. At 120-sec brushing time, close to an actual typical brushing time, 300 ppm or higher mean fluoride concentrations were observed only for the treatment with 1.0 g or 1.5 g dentifrice. Figure 2 illustrates optimal amount of fluoride dentifrice (1 g) to prevent coronal caries effectively.
Optimal amount of dentifrice for children (3-6 years old)
We were difficult to determine optimal amount of fluoride dentifrice for children because of doing experiment 2. However, in Japan, Yamaguchi and co-workers reported that mean amount of dentifrice for 3-4 years old found 0.29 g 16) . From a view point of developing enamel fluorosis (0.1 mgF/kg) by fluoride intakes of children, if children swal- low 15% of fluoride dentifrice 16) (500 ppmF) and their mean weight is 15 kg, the fluoride intake is 0.022 mgF or 0.0015 mg/kg, that is no problem. WHO recommended that amount of fluoride dentifrice must use with 0.25 g for six years old below from the same point 15) . Also Den Besten found that adequate amount of fluoride dentifrice for 4-5 years old was 0.25 g 6) . Therefore, amount of fluoride dentifrice for children (six years old below) to inhibit an incidence of enamel fluorosis should be used with 0.25 g.
Conclusion
The present study was conducted to determine the optimal amount of fluoride dentifrice for adults by examining in vitro fluoride uptake into enamel and the fluoride concentration in oral fluid after treatment with fluoride dentifrice (1,000 ppmF) and by comparing in vitro and in vivo results. The results showed that at 300 to 500 ppm fluoride concentration near the enamel surface, fluoride uptake in the layer of enamel (several m) 11, 13) was remarkably increased. To obtain 300 ppm or higher mean fluoride concentration in oral fluid, 1.0 g or 1.5 g dentifrice was needed (pϽ0.05). It has been reported that the lowest limit of the concentration of fluoride for CaF 2 formation under the neutral pH conditions is 300 ppm. Therefore, it was considered that CaF 2 formation was strongly involved in fluoride uptake into enamel at 300 ppmF or higher active concentrations. In conclusion, from these two findings and the considerations regarding CaF 2 formation, 1.0 g or more of fluoride dentifrice (1,000 ppmF) for adults was recommended as the actual optimal amount.
